Echoviruses are enteroviruses that belong to Picornaviridae. Many echoviruses use decay-accelerating factor (DAF) as their cellular receptor. DAF is a glycosylphosphatidyl inositol-anchored complement regulatory protein found on most cell surfaces. It functions to protect cells from complement attack. The cryo-electron microscopy reconstructions of echovirus 7 complexed with DAF show that the DAF-binding regions are located close to the icosahedral twofold axes, in contrast to other enterovirus complexes where the viral canyon is the receptor binding site. This novel receptor binding position suggests that DAF is important for the attachment of viral particles to host cells, but probably not for initiating viral uncoating, as is the case with canyon-binding receptors. Thus, a different cell entry mechanism must be used for enteroviruses that bind DAF.
Echoviruses are enteroviruses that belong to Picornaviridae. Many echoviruses use decay-accelerating factor (DAF) as their cellular receptor. DAF is a glycosylphosphatidyl inositol-anchored complement regulatory protein found on most cell surfaces. It functions to protect cells from complement attack. The cryo-electron microscopy reconstructions of echovirus 7 complexed with DAF show that the DAF-binding regions are located close to the icosahedral twofold axes, in contrast to other enterovirus complexes where the viral canyon is the receptor binding site. This novel receptor binding position suggests that DAF is important for the attachment of viral particles to host cells, but probably not for initiating viral uncoating, as is the case with canyon-binding receptors. Thus, a different cell entry mechanism must be used for enteroviruses that bind DAF. E choviruses (ECHO) are small, nonenveloped, positivestrand RNA viruses (1) that belong to the Enterovirus genus of Picornaviridae. Picornavirus capsids have 60 copies each of four viral proteins: VP1, VP2, VP3, and VP4. These proteins form an icosahedral shell with an Ϸ300-Å external diameter that encapsidates an Ϸ7.5-kb RNA genome. ECHOs have Ϸ31 serotypes (1) and can cause aseptic meningitis in humans and other hosts. Among enteroviruses, ECHOs have the greatest genomic and structural similarity to coxsackieviruses. The crystal structures of ECHO1 (2) , coxsackievirus B3 (CVB3) (3) , and coxsackievirus A9 (4) show that they have features similar to other enteroviruses and rhinoviruses.
An important surface feature of the enterovirus and rhinovirus capsid is a narrow depression around each of the fivefold axes termed the canyon, which was predicted to be the receptor binding site for picornaviruses (5) . This hypothesis was confirmed by cryo-electron microscopy (cryoEM) reconstruction of human rhinoviruses 14 and 16 (HRV14 and HRV16) complexed with intracellular adhesion molecule-1 (ICAM-1 or CD54) (6, 7), poliovirus (Mahoney) complexed with poliovirus receptor (CD155) (8) (9) (10) , coxsackievirus A21 complexed with ICAM-1 (11) , and CVB3 complexed with coxsackievirus-adenovirus receptor (CAR) (12) . Conservation of receptor binding within the canyon, despite the evolutionary divergence of these viruses, suggests that this binding site might provide an evolutionary advantage. One such advantage is that, during viral entry, the site may be required for triggering uncoating (13, 14) . In contrast, binding of HRV2 to very low-density lipoprotein receptor (VLDL-R) does not destabilize the virus. Consistent with the above proposition, the cryoEM reconstruction indicated that VLDL-R binds around the fivefold axes, not in the canyons (15) . It is noteworthy that VLDL-R does not belong to the Ig superfamily (IgSF), unlike all of the other canyon-binding receptors.
Many serotypes (nos. 3, 6, 7, 11, 12, 13, 19, 21, 24, 25, 29, 30 , and 33) of ECHOs use decay-accelerating factor (DAF, CD55) as their cellular receptor (16) (17) (18) , whereas other ECHOs (nos. 1 and 8) bind very late antigen (VLA-2) integrin (19) . Recent studies (20) indicate that DAF may not be the only receptor for ECHOs because it cannot convert virions into altered (A) particles and because its binding to ECHOs is reversible. Some B group coxsackieviruses also have DAF binding activity while retaining binding activity to CAR (21) (22) (23) . Thus, DAF is likely to act as an attachment receptor preliminary to viral cell entry.
DAF is a member of the complement control protein family, also termed regulators of complement activation (24) . DAF is a glycosylphosphatidylinositol-anchored protein found on most cell surfaces. It dissociates self-cell-bound C3 convertases, C4b2a and C3bBb, at the early stage of the complement amplification cascade, thereby protecting self-cells from complement attack. Its extracellular region contains four 60-aa short consensus repeat (SCR) domains, also known as complement control protein (CCP ¶ ) domains, followed by a 97-aa O-glycosylationrich region (25) (Fig. 1) . Molecules that contain SCR domains whose three-dimensional structures have been determined include a fragment of CD46 (used by measles viruses as a receptor), containing two SCR domains (26) , and the vaccinia virus complement protein (VCP) that has four SCR domains (27) .
Here, we report the structure of ECHO7 complexed with DAF determined by cryoEM image analysis. The structure shows that DAF binds close to the icosahedral twofold axes on the viral surface, rather than binding into the canyon. This finding suggests that DAF has a different role in cell entry compared with Ig-like cellular receptors of enteroviruses and, hence, that a different cell entry mechanism may be used for enteroviruses that bind DAF.
Methods
Virus and DAF Purification. The inoculum of ECHO7 (Wallace) was purchased from the American Type Culture Collection and grown in rhabdomyosarcoma (RD) cells. ECHO7 was purified by sedimentation through a 30% sucrose cushion and then through a 7.5-45% sucrose gradient (28) . The final concentration of virus for cryoEM was 4 mg͞ml.
Different human DAF SCR modules were expressed in Pichia pastoris as C-terminal His-tagged proteins and purified by Ni 2ϩ affinity chromatography. Briefly, DNAs coding for SCR1,2,3,4, SCR2,3,4, and SCR2,3 were amplified by PCR using human DAF cDNAs as templates. After sequencing to confirm the accuracy of the DNA sequences, the different SCR modules were cloned into the plasmid pPICZaA so as to yield expression constructs. After selection of high-level expression colonies of transformed Pichia strain SMD 1168, upon methanol induction each DAF SCR product was expressed and secreted into the medium. Secreted products were purified by Ni 2ϩ affinity chromatography, elution fractions were dialyzed against PBS, and protein was quantified (29, 30) .
Plaque Reduction. Monolayers of RD cells were grown in 60-mm culture dishes. ECHO7 inoculum was diluted in PBS to reduce the plaque-forming units by a factor of 10 8 . Different DAF SCR modules were added to the diluted virus and incubated in microcentrifuge tubes for 2 h at room temperature. Media were aspirated from each dish and monolayers were infected with 0.2 ml of diluted virus and DAF fragments. Virus was allowed to attach to the cells for 30 min at room temperature. Cultures were then fed with media containing 0.8% agar and incubated at 37°C for 24 h. Cells were stained with neutral red to visualize plaques.
CryoEM Reconstruction. The DAF samples were incubated with ECHO7 at 4°C with a ratio of 300:1. Small aliquots (Ϸ3.5 l) of this mixture were applied to carbon-coated electron microscope grids and vitrified in liquid ethane as described by Baker et al. (31) . A control sample of ECHO7 by itself was prepared similarly. Electron micrographs were recorded on Kodak SO-163 film by using a Philips CM300 FEG microscope. Micrographs were digitized with a Zeiss PHODIS microdensitometer at 14-m intervals, corresponding to 3.1 Å on the specimen (Table 1) .
A cryoEM reconstruction of CVB3 was used as an initial model for determining particle orientations and centers by means of the polar Fourier transform method (31, 32) . Corrections to compensate for the effects of the microscope contrast transfer function were applied in the reconstruction procedure. The resolution of the resultant three-dimensional image reconstructions (Table 1) was estimated by splitting the image data into two sets and comparing the structure factors obtained in separate reconstructions.
Model Fitting. The capsid protein sequences of CVB3 and ECHO1 possess Ϸ75% similarity with ECHO7. The crystal structure of CVB3 (Protein Databank ID code 1COV) (3) was used as a homologous structure for ECHO7. VCP, which has 25% sequence identity with DAF1234, was used as a homologous model for DAF. A difference map was calculated between the observed cryoEM density of the complex and ECHO7, thus isolating the density corresponding to DAF. The VCP model was used to interpret the DAF difference density by using the program O (33) . Because the density corresponding to DAF is a combination of two equal binding orientations related by 180°, the hand-fitting operation was somewhat uncertain.
The footprint of DAF on ECHO7 was determined by the program EMFIT (34, 35) . The model of ECHO7 was placed into the ECHO7-DAF cryoEM density. The density of ECHO7 was then removed by setting to zero every grid point within a radius of 2.0 Å of each ECHO7 atom, leaving the density of DAF. The residues of ECHO7 in contact with DAF were then identified by taking the average density of all grid points within a radius of 3.4 Å around each ECHO7 atom. Thus, the atoms with relatively large average densities were those that were close to the remaining DAF density. This procedure avoided the use of an inaccurate DAF model, but instead used the much better defined ECHO7 structure.
Results and Discussion
The cryoEM reconstruction of ECHO7 complexed with DAF1234 (domain SCR1-4) or DAF234 (domain SCR2-4) (Fig. 2) showed that DAF binds across icosahedral twofold axes on the viral surface, not in the canyons, as is the case for other enterovirus and major rhinovirus receptor complexes (6) (7) (8) (9) (10) (11) (12) , nor around the icosahedral fivefold axes, as is the case for the HRV2-VLDL-R complex (15) . The density corresponding to DAF in the ECHO7-DAF1234 and ECHO7-DAF234 complexes is quite low (25% and 15%, respectively) relative to the density of the viral capsids. Consistent with the results of the cryoEM reconstructions, the efficiency of plaque inhibition by 
In this equation, i is the electron density of the boxed cryoEM image, m is the electron density of the model projection, and r is the radius of the corresponding density point, which assures proper weighting of the densities. The angle brackets indicate mean values. ‡ Resolution at which the correlation between two independent three-dimensional reconstructions falls below 0.5. the progressively truncated forms of DAF protein varied (36) in the order of DAF1234 (Ϸ85%) Ͼ DAF234 (Ϸ65%) Ͼ DAF23 (Ϸ30%). The low occupancy of DAF in the viral DAF complexes suggests that the binding affinity of soluble DAF to ECHO7 is quite low. This finding contrasts with canyon-binding receptors, such as CAR, poliovirus receptor, and intracellular adhesion molecule-1, all of which have high occupancy in their corresponding virus-receptor complexes. Considering the similarities among enteroviruses and the fact that DAF binds reversibly to ECHO7 (20) , DAF might be an attachment receptor, suggesting that a secondary receptor is required to target the canyon with higher binding affinity for viral uncoating.
The N-terminal SCR domain (SCR1) of DAF1234 can be clearly recognized by comparing the reconstruction of the ECHO7͞DAF1234 and ECHO7͞DAF234 complexes (Fig. 2) . SCR1 is located close to the icosahedral threefold axes and might form trimeric associations of DAF molecules bound to neighboring twofold axes. The trimerization of SCR1 visualized in the ECHO7͞DAF1234 complex may be artifactual because of the icosahedral threefold averaging applied during the cryoEM reconstruction, whereas, in reality, one or two of the DAF molecules might be missing at any one trimeric vertex. Although the SCR domains are close to the viral surface, the large, flexible, O-linked glycosylation region will provide ample space between the virus and the cell membrane, in a manner equivalent to that found for the multidomain IgSF molecules.
A homologue of DAF with known atomic structure is VCP (27) . VCP has 25% sequence identity with DAF and has four SCR domains forming an extended W-shape structure. The length of each SCR domain is about 30 Å. The four linked SCR domains of VCP could be fitted into the DAF difference density of the ECHO7-DAF1234 cryoEM reconstruction, taking into account the site identified as SCR1. This process required some hinge adjustments between domains. Two alternative domain arrangements were possible (Fig. 3) , although in both cases the DAF molecules related by icosahedral twofold axes were in steric collision. Presumably, only one of the two DAF molecules would be able to bind across the twofold axes, and the two possible orientations would be randomly distributed among the 30 sites on each virus particle. Thus, the DAF density obtained from cryoEM is an average of two binding orientations (Fig. 3) . One of these models (Fig. 3b ) was similar to a predicted structure of DAF (25) .
The viral amino acid residues that are in contact with the DAF receptor molecules were determined as described in Methods. The binding interface of DAF on the viral surface was found to be composed of regions A, B, and C (Fig. 4) . Region A, the largest contact region, is formed by the hypervariable ''puff'' sequence of VP2 associated with the NIm-II binding site for neutalizing antibodies in HRV14 (5) and is located outside the south rim of the canyon. Region B includes the hypervariable ''knob'' residues associated with the NIm-III binding site for neutralizing antibodies in HRV14 (5). Thus, the non-IgSF receptors DAF and VLDL-R bind to regions of high surface variability and sites used by neutalizing antibodies, NIm-I to VLDL-R and NIm-II and NIm-III to DAF. It may not be surprising, therefore, that there are fewer minor-group HRVs and ECHOs, compared with the major group of HRVs and enteroviruses, respectively, as these viruses do not appear to have a mechanism to escape host immune surveillance.
The major contacts of DAF are between SCR2, SCR3, and SCR4 with VP2 and VP3 (Table 2) , whereas SCR1 does not contact the viral surface for either structural model. Both possible DAF models (and the area of the contact regions) are roughly consistent with a kinetic study (28) , which indicated that the order of contribution of SCR binding on ECHO11 is SCR3 Ͼ SCR2 and SCR4 Ͼ SCR1, although the model in Fig. 3a seems to be in slightly better agreement.
In light of the variable occupancy of DAF on the viral surface and the random selection of two binding orientations at the same binding site, it is unlikely that an ECHO7-DAF complex is crystallizable. Thus, a cryoEM reconstruction is likely to be the only way of determining the site of interaction of the receptor with the virus.
Considering the similarities of CVBs and ECHOs, it is reasonable to assume that the CVBs will bind to DAF in a similar way as does ECHO7. One variant of CVB3 that is adapted to RD cells uses DAF as its cellular receptor (37) . There are two differences in VP2 (D2018V and T2151S, see Fig. 4 for sequence number nomenclature) between non-DAF-binding CVB3 (Nancy) and DAF-binding CVB3 (RD) (38) . Neither of these two residues are in the CAR binding footprint: residue 2108 is an internal residue and located on ␤D of VP2, and residue 2151 (roughly equivalent to ECHO7 H2153) is located on the surface within the DAF binding region A (Fig. 4) , demonstrating the importance of this residue for DAF binding.
CVBs normally use CAR as their cellular receptor. However, many CVBs also have DAF binding activity (21, 23, 37) . A study of a CVB3 variant, grown in RD cells, had shown that it requires both CAR and DAF for lytic infection (22) , and another study had indicated that a CVB3 that binds DAF uses CAR for entry into pig cells (39) . These observations indicate that CVB3 can bind CAR and DAF on the viral surface simultaneously, although full occupancy may not be required for both types of receptor molecules. The footprint of CAR on the surface of CVB3 (12) maps into the canyon, but it does not overlap with the footprint of DAF (Fig. 4) (assuming DAF binds to CVB3 in a similar way as it does to ECHO7 as suggested by the mutational data), except along the edge of the south rim of the canyon. In addition, the densities of CAR complexed to CVB3 and DAF complexed to ECHO7 do not overlap (Fig. 4) . This finding suggests that both CAR and DAF might be able to bind to CVB3, forming a ternary complex. Nevertheless, the binding affinity of DAF and CAR might slightly interfere with each other because a few residues are involved in both of the footprints along the south rim of canyon. Furthermore, considering the binding geometry of CAR and DAF on the viral surface, the virion should bind DAF before CAR, for otherwise the DAF molecule might not be able to pass through the narrow space underneath the twofold-related CAR molecules. Because DAF is expressed in all cell types, usually with a greater concentration per unit surface area than other receptor molecules on cell surfaces, it is likely that virions bind to DAF first. Therefore, this sequence of events would increase the binding opportunities for the secondary receptor that initiates uncoating, consistent with the role of DAF being an attachment receptor. Among the known picornavirus-receptor complexes, all of the canyon-binding receptors, intracellular adhesion molecule-1, poliovirus receptor, and CAR, belong to the IgSF. In contrast, the two non-IgSF receptors, VLDL-R and DAF, are noncanyonbinding receptors. Thus, the Ig domain may have some advantages when binding into the canyon compared with other protein folds. Furthermore, the Ig receptors irreversibly destabilize the virus, necessitating considerable care in the timing and temperature for performing cryoEM experiments on virus-receptor complexes. In contrast, picornaviruses appear to be quite stable upon binding to VLDL-R or DAF. This finding indicates that the Ig domains are suitable triggers that activate a conformational switch in the canyon that initiates uncoating.
